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Abstract 
Puite, K. J. (1971) Thermoluminescent properties of manganese doped calcium fluoride; applications in ra-
diation dosimetry. Agric. Res. Repts (Versl. landbouwk. Onderz.) 761, ISBN 90 220 0342 6, pp. 6 + 78, tables 12, 
figs. 34, Eng. summary. 
Also doctoral thesis, Groningen. 
The thermoluminescent (TL) properties of CaF2 :Mn (34 mole %), prepared by Philips, the Netherlands, have 
been studied in order to realize to some extent two aspects of the research program of the Institute for Atomic 
Sciences in Agriculture at Wageningen, the Netherlands, 
a. the assessment of a reliable dosimeter for routine use during biological experiments in the gamma facilities and 
the reactor of the Institute. 
b. the study of the radiation induced phenomena in anorganic crystals, which would lead to a better understand-
ing of these phenomena in macromolecules. 
It was shown that UV exposure of already read out CaF2 gave rise to a second reading. The TL sensitivity of 
CaF2 for alpha particles and protons and for thermal and fast neutrons was investigated. Use was made of the 
10B(n,a)7Li and l4N(n,p)14C reactions occurring in boron and nitrogen containing liquids surrounding the 
powder. 
Thermally stimulated exo-electron emission and TL measurements using CaF2 samples doped with 0.1 mole % 
and 2 mole % Mn and undoped samples have led to the conclusion that both electron- and hole traps are present 
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De thermoluminescentieverschijnselen in CaF2-poeder, dat geacti-
veerd is met 5-4 $ mangaan en waarvan de kristalletjes ca. 10-15 \M 
groot zijn, zijn onderzocht. Dit materiaal werd bereid bij Philips, 
Eindhoven, voor het meten van stralingsdoses. 
Bij poeder bestraald met gammastraling werd één enkele thermo-
luminescentiepiek gevonden. Met een opwarmsnelheid die constant gehouden 
werd op 24°C per minuut lag deze piek bij 260°C. In werkelijkheid 
bestond deze piek uit meer, niet afzonderlijk waarneembare, pieken 
veroorzaakt door verschillende typen dosimetrievangplaatsen van 
electronen en/of van gaten in het materiaal. Gewoonlijk worden tijdens 
de opwarmcyclus al deze vangplaatsen geleegd. Werd reeds éénmaal 
afgelezen poeder echter blootgesteld aan UV licht dan bleek een tweede 
aflezing mogelijk. Blijkbaar worden de dosimetrievangplaatsen onder 
invloed van dit UY licht gevuld vanuit dieper gelegen vangplaatsen. 
Metingen van thermisch gestimuleerde exo-electronenemissie en 
thermoluminescentie, waarbij CalV? geactiveerd met 0,1 $ en 2 fo mangaan 
en niet geactiveerde monsters werden gebruikt, hebben aangetoond dat 
zowel vangplaatsen van electronen als van gaten aanwezig zijn in het 
CaF2$Mn (Philips), te weten: Y?+ centra en andere driewaardige zeldzame 
aarden als electronenvangplaatsen en Mn^+ centra als gatenvangplaatsen. 
De thermoluminescentiegevoeligheid van Ca?2 voor alphadeeltjes en 
protonen vergeleken met die voor gammastraling werd onderzocht. Hierbij 
werd het CaïV-poeder omgeven met borium- en stikstofhoudende vloei-
stoffen en vervolgens bestraald in een veld van thermische neutronen. 
De in de vloeistoffen optredende kernreacties 1~B (n,a) 'Li en 
14if (n,p) 14c leidden tot een extra thermoluminescentiesignaal in het 
Cal^ door de vrijkomende alphadeeltjes en protonen. Bij poeder omgeven 
met alcohol en bestraald met snelle neutronen ontstond een extra signaal 
afkomstig van de terugstoot-protonen die in de alcohol werden geprodu-
ceerd. De grootte van het signaal van de genoemde deeltjes vergeleken 
met dat van gammastraling bedroeg 5, 5 en 11 fo respectievelijk, op basis 
van de geabsorbeerde dosis in de vloeistof. 
De thermoluminescentiegevoeligheid voor thermische en snelle 
neutronen zelf werd eveneens onderzocht. Voor thermische neutronen werd 
een gevoeligheid van 0,07 rad per ÏO-^ n/s.cnr gevonden, terwijl de 
'gevoeligheid' voor snelle neutronen met een gemiddelde energie van 
1,7 MeV -0,43 rad per 10 n/s.cm bleek te zijn. Voor een verklaring 
van deze negatieve waarde werd een model ontworpen waarin werd onder-
steld dat de 'gevoeligheid' bestaat uit enerzijds een positieve 
component afkomstig van de bijdrage van de ionisaties en anderzijds een 
negatieve component veroorzaakt door de productie van diepe vang-
plaatsen. 
Biologische moleculen geven vaak thermoluminescentie na bestraling 
bij vloeibare-stikstoftemperatuur. De eerste resultaten van de metingen 
aan het eiwit collageen zijn eveneens opgenomen in dit proefschrift. 




Thermoluminescent (TL) powders were introduced some twenty years 
ago by Daniels (1950) and are at present widely used to monitor 
radiation fields. Applications are reported in radiation dosimetry, 
personnel radiation monitoring, radiotherapy, space research and 
pottery dating (Fowler and Attix, 1966; Auxier et al., 1968). 
At the author's laboratory, the Institute for Atomic Sciences in 
Agriculture at Wageningen, the TL system is used for routine dosimetry 
of biological experiments. 
This thesis describes, within the framework of the study of the 
radiation induced physical phenomena in different materials (anorganic 
crystals, non-biological macromolecules e.g. PMMA, biological molecules 
and biological material), some aspects of the use and properties of 
powder and single crystals of calcium fluoride doped with manganese 
(CaFpSMn). The behaviour of this material in different radiation fields 
has resulted in a better insight in the mechanism of its thermolumines-
cence and has contributed to dosimetry applications. Other techniques 
such as optical absorption and exo-electron emission have given 
additional information. 
A start has been made with the application of the described 
techniques to irradiated biological material in order to obtain 
information about the different energy pathways arising during the 
sequence of events starting from ionization and excitation and leading 
to the ultimate biological end-point. 
1.2 Thermoluminescence 
When in crystalline insulators, having a bandwidth of -v. 10 eV 
between the conduction band and the valence band, electron- or hole 
traps are present due to structural imperfections (vacancies, impurities 
etc.) ionizing radiation can excite electrons and holes from the valence 
band into these traps (Figure l) (Schulman, 1967). Depending upon the 
properties of the traps the charged carriers may remain captured at room 
temperature. The two important parameters of the traps are the trap 
depth E, being represented by the distance of the trapping level to the 
bottom of the conduction band (Figure l), and the frequency factor s, 
related to the presence of lattice vibrations. If trapping occurs, the 
absorption of sufficiently energetic light quanta or an increase of 
lattice vibrations as the temperature is raised will cause ejection of 
the electrons or holes from their traps (Figure 1, step ljl1). After 
migration through the conduction band, resp. valence band (step 2,2-*-) a 
recombination of an electron (resp. hole) with a trapped hole (resp. 
electron) can follow (step î,?1)- The recombination energy can be 
emitted in the form of a light quantum. When this luminescence is due to 
light absorption it is called 'optically stimulated luminescence'. In 
the case of a temperature increase the phenomenon is called 'thermo-
conduction band 
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Fig.l. Schematic representation of thermoluminescence (Schulman, 1967)- Two different types 
of centers are shown which may occur after irradiation, namely a F-center (an electron 
trapped at a negative ion vacancy) and a V-center (consisting of a trapped hole). 
luminescence'. 
The thermoluminescent process will be controlled by doping the 
material with specially chosen luminescent ions, e.g. Mn + + ions. In this 
case the hole is believed to be trapped after irradiation at these Mn + + 
ions (Schulman, 1967). After recombination of the electron and hole the 
luminescent ion will be in an excited state, emitting its characteristic 
luminescence (for Mn + + ions the green-orange region of the spectrum) 
when returning to the ground state. 
The luminescent signal recorded as a function of a linearly 
increasing temperature is called a 'glow curve'. In the case of one kind 
of electron trap with a trap depth E and assuming no retrapping but a 
direct recombination with a hole resulting in a luminescent effect, 
Randall and Wilkins (1945) have derived the following mathematical 
expression for the thermoluminescent signal, 
rT 
I (T) = nQs exp (-E/kT) exp J - | exp (-E/kT) dT [1] 
T0 P 
with I (T) = thermoluminescent signal 
nQ = number of electrons initially trapped 
s = frequency factor 
E = trap depth 
k = Boltzmann's constant, 8.61 x 10"^ eV/°K 
p = heating rate 
The temperature of the glow curve maximum Tm and the fading of 
the TL signal are both dependent on the values of E and s. Theoretical 
glow curves for different E and s values and a constant value of ß are 
shown in Figure 2. Tm moves to higher temperature as E or ß increases or 
as s decreases. The area under each curve is proportional to n0, while 
in general nQ is proportional to the radiation absorbed dose. Traps 
having E < 0.8 eV along with s > 10° sec-1 do not store the electrons 
well at room temperature. The mean lifetime T of electrons in these 
traps, expressed as 
s exp (-E/kT) [2] 
is < 1 day (Schulman, 1967). 
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Fig.2. Theoretical glow curves for phosphors with a single trap depth and no retrapping, 
having a constant heating rate of 2.5°C/sec (Schulman, 1967). 
1967). The properties of the most frequently used powders are dealt 
with in the following section. 
For the temperature of the glow peak maximum Tm, at dl/dT = 0, it 
follows that 
ßE/M?m2 = s exp (-E/kTj [3] 
This equation makes it possible to calculate the value of "both E and s, 
knowing the value of Tm at a certain heating rate ß. 
For T < Tm the integral part given in equation 1 may be taken as a 
constant. Then 
In I = -E/kT + a constant term ]4] 
and the E and s values may also "be derived from the initial rise of the 
glow peak. 
It should "be "born in mind that the luminescence efficiency L, 
defined as 
P + P r T rnr 
where Pr and P n r are the probabilities of luminescence emission and 
non-radiative emission, respectively, decreases with increasing 
temperature (Gorbics et al., 1969a), because Pr is assumed to be 
independent of temperature but P n r increases with temperature. This 
'thermal quenching' effect influences the thermoluminescent output and 
thus the Tm value of a glow peak. 
1.3 Properties of thermoluminescent powders, especially CaF2 :Mn 
Methods of preparing thermoluminescent CaF2 powder doped with 
different manganese concentrations have been studied by Ginther and 
Kirk (1957) (Figure 3)• Also CaF2 doped with other activators such as 
Y, Sm, Ce, Eu and Yb has been studied (Görlich et al., 1961). 
The glow curve of CaFpSMn (3 mole 'fo Mn) has only one apparent 
maximum at about 260°C. The emission spectrum has its maximum at 500 nm. 
This glow curve consists of several components (Schulman et al., 1969). 
When rapid heating rates ( ~ 20°C/sec) are applied the glow curve 
components shift to higher temperature, causing preferential quenching 
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Fig.3. Thermoluminescence of synthetic CaP2:Mn as 
(Ginther and Kirk, 1957). 
a function of the Mn content in mole % 
~ 10 percent during the first month. Fading is negligible if a slow 
heating rate is used ( -\- 20°C/min). 
From the measured shift in glow peak temperature vs. heating rate 
Gorbics et al. (1969h) calculated values for E and s, using equation 3, 
namely E = 2.29 eV and s = 2.5 x lO1^ sec-1. No simple interpretation 
of these values is possible because of the complexity of the material 
compared to the single trap model which has been assumed by Randall and 
Wilkins (1945). 
In Figure 4 the TL response of CaF2:Mn (3 mole fo Mn) as a function 
of ""Co gamma ray exposure is shown, together with the responses of 
other common TL powders (Marrone and Attix, 1964» Cristensen, 1968). For 
CaF2 a linear response up to 2 x 1(P R is obtained. LiF and Li2BziOY:Mn 
(O.l fo by weight of Mn) exhibit 'supralinearity' for exposures exceeding 
300 R. When low energy X rays are used, the CaF2 dosimeters have a 
considerable energy dependence, as shown in Figure 5 (Almond et al., 
1968). 
During the last years an extensive literature has appeared dealing 
with thermoluminescent dosimetry (Lin and Cameron, 1968; Spurny, 1969). 
1.4 Thermally stimulated exo-electron emission, especially of CaF2 
Electrons released from their traps into the conduction band will, 
in general, give rise to three types of effects which may be observed 
simultaneously, namely, 
a. electrical conductivity of the crystal, proportional to the electron 
concentration in the conduction band (conductivity glow curve) 
(Kanturek, 1956). 
b. electron transfer to activator levels resulting in photon emission 
(TL glow curve). 
c. electrons leaving the surface with a probability dependent on 
temperature and work function (exo-electron emission). The work function 
cp is defined as the minimum energy needed for an electron located at 
the bottom of the conduction band to escape from the crystal surface. 
Figure 6 gives an illustration of these processes. 
Besides the TL phenomena mentioned in section 1.2, also thermally 
stimulated exo-electron emission (TSEE) has been studied because TSEE 
data may give additional information about the electron traps. 
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Pig.4. Thermoluminescent response of CaF2îMn (5 mole $), LiF and I^B.OyiMn (0.1 $ by weight 
of Mn) to °°Co gamma rays (Marrone and Ittix, 1964> Cristensen, 1968). 
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Fig.6. Diagram of the relation between luminescence, conductivity and exo-electron emission 
during thermal or optical stimulation of an ionic crystal which has been exposed to 
ionizing radiation (Becker, 1970). 
difficulties, because the kinetics of TSEE are not yet completely 
understood. Two processes are assumed to lie involved, 
a. an emission from the traps via the conduction band. 
t>. a direct emission from the traps at or near the surface. 
A distinction should in fact be made between surface traps and 
traps in deeper layers of the crystals (volume traps). Electrons from 
the volume traps reach the conduction band after thermal stimulation 
and obtain a Maxwellian distribution. After overcoming the work 
function ip part of the electrons leave the crystal surface with an 
average energy of soire 0.1 eV. The emitted electrons originate from a 
thin surface layer of 10 - 100 1 (Kramer, 1967; Holzapfel, 1969). The 
influence of the thickness of the emitting layer is small as long as 
the distance of location of the exo-electron emission from the surface 
is comparable with the free path length of the electrons. Values of 
the work function ip up to 1 eV do not affect the TSEE much at room 
temperature (Holzapfel, 1969) (Figure 7)-
Although TSEE can be considered as a non-stationary thermionic 
emission because of the limited supply of electrons from the traps, 
Holzapfel (1969) has derived some mathematical expressions for TSEE 
based on the Richardson equation for stationary thermionic emission, 
dn. 
dT "f <& e„)1 / 2 - <- . /»> [*] 
with n e x = number of electrons emitted per unit surface 
nc = number of electrons instantaneously present in the 
conduction band per unit volume 
ß = heating rate 
meff = effective mass of electron 
ip = work function 
Assuming no retrapping, equation 6 leads to 
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Fig.7. Calculated areas of weak and strong TSEE for different work functions ip, peak temperatures 
Tm and emission layers d (Holzapfel, 1969). 
in the area of weak TSEE (see Figure 7)> giving the relation between 
the trap depth E, the work function <p and the peak temperature Tm. 
For cp = 0 equation 7 gives the mentioned relation in the area of 
strong TSEE. 
When the distance of location of the exo-electron emission from 
the surface is much longer than the free path length of the electrons, 
diffusion of electrons from these deeper layers to the surface has to 
he taken into account. Exact calculations become then much more 
complicated. 
The first systematic studies on exo-electron emission were 
published by Kramer (1949)« Review articles appeared from Bohun (1963) 
and from Becker (1970). The 1970 review describes the possibilities 
for TSEE dosimetry. 
CaSV, > in particular, has been studied by Kramer (l95l), Bohun 
(1955) and Dolejsi et al. (1958). In 'chemically pure' CaF2 three TSEE 
maxima were observed at 80°, l65° and 240°C, corresponding to trap 
depths of O.7I, O.9I and I.03 eV, respectively (Sujak and Gieroszynska, 
1967). 
1.5 Color centers in CaF2 
When radiation induced trapped electrons or holes, which are 
normally in the ground state (see Figure l), absorb light quanta of 
the proper energy, transitions to higher excited states are possible. 
Absorption of light in the visible region of the light spectrum results 
in a coloration of the crystal. The imperfections causing light 
absorption are called color centers. 
This section describes some relevant color centers in CaF2. The 
structure of these crystals can be regarded as a regular cubic array of 
fluorine ions with calcium ions at every other body center. Thus each 
calcium ion is at the center of a cube of eight fluorine ions. 
Coloration by irradiation of commercially available CaF2, often 
called subtractive coloration, only occurs at room temperature when 
high doses are used of at least ICK rad. Results of 0'Conner and Chen 
(1963) suggest that this coloration is due to the reduction of trace 
impurities of X^+, which has the same ionic radius (l.06 A ) as Ca++. 
The spectrum (Smakula type) consists of four band at 225, 335, 400 and 
580 run. Doses exceeding 5 x 10° rad cause additional absorption bands 
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in the infrared region, probably due to the formation of rather complex 
defect centers (Pong and Yocom, 1964). In addition, oxygen is often 
found as an impurity in CaF2 (Fong and Yocom, 1964). If an 0 ion is 
substituted for a F~ ion, electrical neutrality requires that either a 
F~ ion vacancy or a trivalent positive ion such as Y*+ is present. 
For very pure CaJ^, irradiation and optical measurements must take 
place at liquid nitrogen temperature or lower in order to produce any 
coloration (Eamikawa et al., 1966; Gbrlich et al., 1968). The absorption 
band observed at 375 nm was ascribed to F-center absorption based on the 
identification of the data already obtained with additively colored 
CaJ^. Additively colored crystals show an absorption band at 375 and 
520 nm (Mollwo type). The 375 nm band has been correlated with F-centers 
by Arends (1964). The 520 nm band is probably due to M-centers (den 
Hartog, 1969). 
In CaJV, doped with manganese, radiation induced complex color 
centers may be expected when trace impurities such as yttrium and 
oxygen are also present. The Mn + + ions are probably situated at Ca"1""1" ion 
lattice positions. Electron spin resonance (ESR) experiments on CaF2 
doped with 0.01 mole $ Mh have given patterns which were in close 
agreement with the calculated ones assuming that the Mn + + ion is 
substituted for the Ca + + ion. A fluorine hyperfine structure due to the 
covalent bonding between the Mn + + ion and the surrounding fluorine ions 
was observed (Baker et al., 1958). 
1.6 Therm olum inescence of biological material 
The interaction of ionizing radiation with solid biological 
material e.g. nucleic acids, amino acids, proteins starts with excitation 
and ionization events (Hart and Platzman, 1956) and may ultimately result 
in observable damage in the material. During this sequence of events 
light emission may occur. 
A model which describes especially those processes which are of 
importance for the observed luminescent phenomena is shown in Figure 8 
(McGlynn et al., 1964; Steen, 1968). The configuration of the molecular 
orbital electrons which best describes the ground state and the lower 
excited levels of the molecule is represented by the boxes beside each 
energy level. Also the spin of the highest energy orbital electrons is 







ground state (singlet) 
Fig.8. Energy level diagram for organic molecules (McGlynn et al., 1964; Steen, 1968] 
triplet levels arise. 
After ionization the electrons will escape from their parent ions 
and will move some A away from their origin "before "being thermalized. 
During this process the electrons may be trapped in the material "by 
polarization of neighbouring molecules. These trap depths are of the 
order of ~» 0.1 eV, the traps being stable only at low temperatures 
(below 100°K). When the material is heated, the electrons are released 
from their traps and may recombine with the positive ions. This 
recombination leads to excitation of singlet and triplet states. These 
states decay via internal conversion to the lowest excited states S^ 
and T]_, dissipating the excess energy as vibrational energy to the 
surrounding molecules. Also rupture (biological damage) of the molecules 
may occur during this process. From the lowest excited singlet level S]_ 
(life time ~ 10" sec) transitions are possible to the ground state S 
and also via intersystem crossing to the lowest excited triplet state 
T-^ . The S^ -=» SQ transitions result in fluorescence emission in competi-
tion with non-radiative transitions. Phosphorescence emission is 
possible when the lowest excited triplet level T-, ( ~ 1 sec) is de-
excited. This T^-> SQ transition is also in competition with non-
radiative processes. 
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Table 1. Data on the thermoluminescence of some biochemicals irradiated with °°Co gamma rays 
(Augenstine et al., I960; Augenstine et al., 1961; Weinberg et al., 1962). 
emission may occur and will be recorded as thermoluminescent emission 
of the material. 
Various low-temperature thermoluminescence studies on biological 
molecules have been reported from about i960 (Augenstine et al., i960; 
Singh and Charlesby, 1965; Fleming and Kerr, I965) (see Table l). 
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The intensity of the TL from amino acids having a ring structure is 
a"bout two or three orders of magnitude greater than the intensity from 
the aliphatic amino acids (Augenstine et al., i960). Most of the glow-
peaks lie between 100° and 170°K. Augenstine et al. (1961) observed 
that the TL from irradiated proteins is not the sum of the independent 
contributions from the constituent amino acids, whilst the trap depths 
E for the TL of proteins were much smaller than those obtained for the 
constituent amino acids. Emission spectra of the TL of trypsin did not 
resemble any of the spectra observed for the aromatic amino acids 
(Weinberg et al., 1962). Lehman and Wallace (1964) have listed TL data 
of a large number of biologically important molecules using radiation 
sources with different linear energy transfer. Nummedal and Steen (1969) 
observed that the majority of the species giving rise to TL of the 
protein studied were trapped intramolecularly or at least within a 
distance of 20 A of the emitting molecules. The T-, —> S transition was 
found to be the only radiative step. Also complex biochemicals were 
studied. A possible correlation between TL and radiosensitivity of 
seeds was demonstrated by Cervigni et al. (1969). 
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2 Materials and Methods 
2.1 Materials 
2.1.1 CaF2 : Mn powder 
The CaP2!Mn powder used in this work was prepared at the Philips 
laboratories, Eindhoven. A mixture of calcium fluoride and manganese 
fluoride powder was heated in a nitrogen atmosphere and after cooling 
was milled and sieved through a B 40 silk gauze1. Grain sizes of 
10 - 15 pm were obtained. The manganese content was determined at ITAL 
by neutron activation analysis2. Por the two batches used, and indicated 
as ^  4 and =# 5» a concentration was found of 4-1 and 3.4 mole fo, 
respectively. Batch sjL 5 is used only in the experiments described in 
section 3-5 of this thesis. Eöntgenfluorescence measurements, carried 
out at the Laboratory for Solid State Physics, Groningen 3 showed the 
presence of strontium in the samples. As was revealed in the results of 
the experiments yttrium is also present. The Y^+ concentration, being 
0.03 ppm, was measured at the Philips laboratories4by neutron 
activation analysis. Apart from yttrium, also the presence of other 
impurities could be demonstrated. The data are collected in Table 2 of 
1. The relevant information obtained from Br. K. Nienhuis and Mr. Th.C. Alferink of the 
Philips laboratories is gratefully acknowledged. 
2. This analysis was kindly performed by Mr. N. van der Klugt. 
3. The author is indebted to Prof.Br. J. Arends and Mr. P. van der Horst for performing these 
measurements. 
4. The yttrium analysis was kindly carried out by Mr. P. Bruys. 
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section 2.1.2. 
2.1.2 Other CaF2 samples 
Other CaP2 samples have also heen used, 
a. CaF2 crystals from Materials Research Corporation 5(MRC). Strontium 
and yttrium (7*6 ppm) impurities were present in the crystals. 
b. CaF2 from MRC doped with ^ 2 mole fo Mn. Also strontium and yttrium 
impurities were present. 
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Table 2. Impurities (ppm) in CaP2 samples as measured at the Philips laboratories, the 
Netherlands. 
5. Materials Research Corporation, Orangeburg, New York 10962, U.S.A. 
6. Semi-Elements, Ine. Saxonburg, Pa. 16O56, U.S.A. 
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yttrium contamination was 8.3 ppm. 
d. CaF2 from the Harshaw Co7. These were pure crystals with 0.17 ppm 
of yttrium. 
e. Ca^2 from Vinor8. These crystals were very pure and free of yttrium. 
Oxygen seemed to be the only impurity present. 
The impurities which could he demonstrated by neutron activation 
analysis are collected in Table 2. 
2.1.3 Collagen 
Collagen has been chosen as a starting material to study the TL of 
biological tissues for the following reasons, 
a. the biochemistry of collagen is rather well known (Veis, 1964» 
Bailey, 1968a). 
b. the structure of the collagen molecule is thoroughly investigated 
(Harrington and von Hippel, 1961). 
c. collagen comprises about 30 $ of the total organic matter in mammals. 
d. electron spin resonance (ten Bosch, 1967) and other techniques such 
as optical rotation and viscosity measurements (Welling and Bakerman, 
1964; Bailey, 1968b) have been used to investigate radiation effects on 
collagen. 
The fundamental molecular unit of all collagens is thought to be a 
tropocollagen molecule 15 A in diameter and 2800 A long, having a 
molecular weight of about 3 x 10^. The structure of tropocollagen has 
been investigated by Rich and Crick (196I) and by Ramachandran (1963) 
and was found to be a triple-helix with hydrogen bonding between the 
three single chain helices. The amino acid sequence of one helix seems 
to be Gly-Pro-Hypro, Gly-X-Hypro and Gly-X-Pro, with X being any amino 
acid present. For further details about collagen see (Veis, 1964» 
Bailey, 1968a). 
The collagen used in the preliminary experiments described in 
section 3»6 was extracted from bovine Achilles tendon and was purchased 
7. The Harshaw Chemical Co., Cleveland 6, Ohio, U.S.A. 
8. Tinor Laboratories, Medford, Mass. 02155, U.S.A. 
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from the Koch-Light l abo ra to r i e s 9. 
2.2 Instrumentation 
2.2.1 Thermoluminescence 
The apparatus used for most of the thermoluminescence measurements 
was a modified, commercially available, CONRAD Model 4100 TLD reader 10. 
45.0 mg of the Cal^ powder was weighed onto a planchet and heated by-
passing an electric current through the planchet. The cycle time of the 
apparatus was such that the planchet was heated to 370°C at a rate of 
2.7°C/sec. The TL of the powder was detected with a photomultiplier. 
A clear pyrex glass dish served as electrical and thermal insulator for 
the photo-kathode. For integral readings the photomultiplier signal was 
fed into a Solartron digital voltmeter, type LM 1420. A constant light 
source, consisting of a -*-*C activated scintillator, was used for 
calibration of the instrument. 
In the experiments mentioned in section 3«5 the TL signal was 
measured with a specially constructed apparatus allowing a slow and 
strictly linear heating rate of the powder at a rate of 24°C/min. 
2.2.2 Thermally stimulated exo-electron emission 
The TSEE experiments were made using a cylindrical gas flow 
counter with a diameter of 90 mm and a height of 30 mm, which was 
specially constructed for the purpose. The position of the furnace is 
shown in Figure 9. The CaFp powder was heated in three 1 mm deep holes 
which each have a diameter of 0.9 mm. A chromel-alumel thermocouple, 
situated at a distance of 3 mm from the holes, served as a reference in 
order to obtain a constant heating rate of 24°C/min at the position of 
the powder. The temperature at this position and the influence of the 
gas flow on the temperature was determined with a copper-constantan 
9. Koch-Light laboratories Ltd., Colnbrook, England. 
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Fig.10. GM plateau's obtained with the TSEE apparatus for different furnace temperatures. 
thermocouple situated in one of the holes, filled with CaF2 powder. 
Thin thermocouple wires (diameter 0.13 mm) were used to avoid heat 
leakage as much as possible. The temperature difference between the 
positions of the thermocouples was 15°C at 250°C both with and without 
gas flow. The estimated error in the temperature measurement of the TSEE 
peaks is + 5°C. A mixture of helium gas (98.7 i°) and isobutane (1.3 i°) 
was used as counting gas. This gas mixture was injected tangentially 
into the counter and flowed through the counter at a constant rate 
during the measurements. A useful GM plateau could be obtained up to a 
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furnace temperature of 500°C (Figure 10). The GM signal recorded using 
a small external "°Co source increased approximately 1^/100°C when the 
furnace was heated from 20° to 500°C. 
2.2.3 Optical absorption 
A double beam Unicam SP 700 recording spectrophotometer (range 
187 inn - 3-57 jiff) was used for the optical absorption measurements. All 
the measurements were carried out at room temperature. 
2.3 Irradiation facilities 
2.3.1 Gamma sources 
Two gamma facilities were available for the experiments, a 300 Ci 
and a 5000 Ci -^Cs source (E-y = 0.66 MeV, T,. = 30 y). An irradiation 
position close to the source pipe of the 5000 Ci source permitted 
irradiations with dose rates of 5-30 krad/h. A turn table was used to 
ensure a homogeneous irradiation. The calibration of this source was 
carried out with the Fricke ferrous sulphate dosimeter, which is a 
secondary standard chemical dosimeter (Holm et al., 196l; Law, 1970). 
The Fricke dosimeter has a working range of 4-40 krad and consequently 
could not be used to measure the dose rate of the 300 Ci source directly. 
LiF dosimeters and ionization chambers, calibrated against the Fricke 
dosimeter, have been used in the radiation field of this source. A dose 
rate of 51.0 + 0.6 krad/h was measured in July 1970 at a distance of 1 m 
from the source (Gouverneur and Puite, 1970). 
2.3.2 BARN reactor 
The neutron experiments have been carried out in the irradiation 
room of the 100 kW BABN reactor (Figure 11). The reactor is a light 
water moderated swimming pool type, utilizing enriched JJT$ fuel. The 
irradiation room is situated under the reactor core and is separated 
from it by a D2O filled diffusor 12 5 cm deep. Directly under the 
diffusor two bismuth shields (17.5 cm thickness totally) are present 
(Bogaardt et al., 1964). 
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Fig.11. Vertical cross section of the BAHN reactor . 
4-5) x 10' n/s.cm and was measured by gold foil activation. The cadmium 
ratio for gold was 300-500, indicating a low epithermal and fast neutron 
contamination of the thermal neutron beam. The gamma contamination, 
mainly from the H(n,Y)D reactions and from the reactor core, amounted 
to 2-9 rad/h and was measured using a teflon-C02 or a Mg-CÛ2 ionization 
chamber (IAEA, 1967). 
Fast neutron irradiations could be carried out by emptying the D2O 
diffusor. To remove any thermal neutron contamination of the fast 
neutron beam a boron shield was inserted between the two bismuth gamma 
shields. Past neutron spectroscopy and dosimetry in the irradiation room 
have been carried out using semiconductor sandwich detectors and tissue 
equivalent ionization chambers (IAEA, I967? Chadwick and Oosterheert, 
1969). The energy spectrum of the fast neutrons is shown in Figure 12 
and is compared with a fission spectrum. The fast neutron dose rate in 
the room varied between 1-7.8 krad/h in H2O, being equivalent to a flux 
density of (1-7.5) x 10° n/s.cm2, with a gamma contamination of 80-500 
rad/h. This gamma dose was measured with a Mg-A ionization chamber. The 
21 













Fig,12. Comparison of the fission spectrum and BARN spectrum (normalized at 700 keV) 
(Chadwick and Oosterheert, ^ ^ ) . 
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3 Experiments and Results 
Two aspects of the ITAL research program could be realized to some 
extent by studying the effect of radiation of thermoluminescent CaF2îMn 
powder, 
a. the assessment of a reliable dosimeter for routine use during 
biological experiments in the gamma facilities and in the BARN reactor. 
b. the study of the radiation induced phenomena in anorganic crystals, 
which would lead to a better understanding of these phenomena and a 
better analysis of results obtained with macromolecules. 
Consequently, these experiments have both a practical and a 
fundamental character. Firstly, some general properties of CaF2SMn have 
been investigated. In general, TL powder permits only one reading but 
with CaF2*Mn repeated readings could be obtained. The possible use of 
CaF2SMn in measuring the gamma contamination of the thermal and fast 
neutron fields in the reactor was investigated and because of this the 
radiation parameters of these fields have been measured first. The TL 
response of CaFoSMn to alpha particles, protons and to thermal and fast 
neutrons are described in the following sections. Additional techniques 
such as TSEE and OD (optical density) measurements have been applied to 
obtain information about the trapping centers in CaF2îMn. 
3.1 General features of thermoluminescent CaF2 :Mn 
The CaF2 8Mn powder used has the following general properties, 
a. a single glow peak with a T m a x at 260 + 3°C is recorded when gamma 
irradiated powder is heated at a strictly linear rate of 24°C/min (see 
section 3-5-1). 
b. from the initial rise of the glow curve the E and s values have been 
calculated using the equations 3 and 4 of section 1.2. The values 
obtained were E = 1.05 eV and s = 1.5 x 10 sec". These values differ 
considerably from the values E = 2.29 eV and s = 2.5 x 10 ° sec-1 
mentioned by Gorbics et al. (l969b). Their calculation was based on the 
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observed shift of the glow peak maximum of CaFg:Mn developed at the 
Naval Research Laboratory (Ginther and Kirk, 1956), when this powder 
was heated at different heating rates. In both oases no simple 
interpretation of the E and s values is possible because of the 
complexity of the glow peak compared to the single trap model assumed 
in the calculations. 
c. after being 'read out', the powder can be re-used without any 
annealing procedure. No change in gamma ray sensitivity has been 
observed. 
d. the fading of the TL response depends on the heating rate of the 
powder (Schulman et al., 1969). Readings have been carried out 24 h 
after irradiation using a moderate heating rate of 2.7°C/sec. This 
procedure guarantees a negligible fading of the TL signal. 
e. each batch of CaFg may have a different gamma ray sensitivity making 
a new calibration necessary. Also powder from one batch which has been 
stored under different conditions (e.g. humidity) should be recalibrated. 
3.2 Repeated thermoluminescent readings of CaF2 :Mn 
published before as 'The effect of TJV exposure on thermoluminescent 
CaFgSMn' in the International Journal of Applied Radiation and Isotopes, 
1968, vol. 19, PP 397-402. 
Introduction 
During irradiation of thermoluminescent powder -e.g. CaFg'Mn-
electrons are ejected from the valence band into the conduction band. 
Vacancies and other crystal imperfections can act as trapping centers 
for those electrons. These traps are situated just beneath the 
conduction band. Especially when the traps are deep they generally store 
the electrons very well. A heat treatment can liberate the electrons 
from the traps. Via the conduction band they combine with a hole at a 
Mn2+ ion site resulting in an excited state of this ion. The emitted 
light is measured as the thermoluminescent (TL) response (Schulman, 
1967). This response as a function of the temperature (glow curve) gives 
peaks at a temperature corresponding to the depth of the trap. 
In an attempt to get more information about the mechanism of 
thermoluminescence, the influence of UV light on CaFgsMn has been 
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studied. 
After the first read out of the irradiated powder no TL response 
is obtained when the powder is heated for a second time. Apparently the 
traps concerned are completely emptied by the first heat treatment. 
However, when the powder is exposed to UV light after the first read out 
a second TL response is found afterwards. 
Some experiments have been carried out to find a relationship 
between the previous reading and the UV induced TL signal, the sort of 
trapping centers which are involved in the UV transfer process and the 
possibility of repeated readings with UV exposure. 
Methods 
The CaFgSMn used in the experiments was obtained from Philips 
(the Netherlands). This powder is less sensitive (Schayes et al., 1967) 
than that prepared at the U.S. Naval Research Laboratory (Ginther and 
Kirk, 1956) and its response is linear for gamma rays up to 2 x lO-3 rad. 
The glow curve exhibits a single peak at the same temperature (260°C) as 
the NRL powder. 
After the normal read out of irradiated powder and controls 
(heating rate 2.7°C/sec) the filled planchets were placed on a turning 
table and subjected to UV from a Philips HPLH mercury lamp. The energy 
flux of the UV measured through a Schott UG 5 2 mm filter was 26 W/m2 at 
the position of the planchets. The variation of the light intensity 
amounted to about 1 'fo during the experiments. After the UV treatment the 
powder was read out again. Only the previously irradiated CaF2îMn gave 
a TL response. 
For a gamma dose range of 0.2-50 krad the transferred TL was 
measured after a 35 min UV exposure corresponding to 5-5 W.sec/cm2. The 
heating cycle was switched off at about 460°C because of the infrared 
interference. 
Results 
The results are shown in Figure 13. From 0.2-5 krad the response 
was 3-5 i° of the original response. From 10-50 krad the percentage 
amounted to 5 $. Alpha (2.9-4.1 krad) and proton (0.7-2.0 krad) 
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Fig.14. Original glow curve and glow curves of Cal^îMn exposed to UV after the normal 
read out. 
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Pig.15. The transferred TL response as a function of various UV exposure times. 
The glow curve after a short TJV treatment (Figure 14) shows one 
peak at about 450°C and a second, one at about 285°C. The 285°C peak 
increases with the time of the TJV exposure, the 450°C peak remains 
practically constant. 
The transferred TL response as a function of various exposure times 
(Figure 15) shows a maximum at 30 min. A longer exposure time gives a 
decrease of the response, whilst a treatment where the powder is exposed 
to TJV for several periods of two minutes, being read out after each 
exposure, gives a straight line when the results are plotted on a 
logarithmic time scale (Figure 16). 
Likewise a strong fading was observed when irradiated CaF2SMn was 
subjected to TJV exposure before the normal read out (Figure 17)• 
Discussion and Conclusion 
The mentioned effects may be explained by assuming a transfer of 
the trapped electrons from a deeper trap to a trap nearer to the conduc-
tion band. The fact that first the traps corresponding to the 450°C peak 
are filled would indicate this. Also the main peak located at 285°C 
instead of 260°C shows a direct transfer from one trap into another trap 
at a somewhat higher energy level. A similar TJV effect with natural based 
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Fig.l6. CaP2:Mn exposed to UV for several periods of two minutes, being read out after 
each exposure. The sum of the individual responses is plotted against the 
logarithm of the sum of the UV exposure times. 
CaF2 manufactured at MBLE, Brussels, has already been reported (Brooke 
and Schayes, 1967). 
Because the transferred response is higher for heavy ionizing 
particles the responsible trapping centers may be created by damage to 
the crystal during the irradiation. Marrone and Attix (1964) while 
working with URL CalV^Mn, expect a damage due to gamma irradiation at 
about 3 x lo5 E. The increase in the transferred response for gamma 
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Fig,17. Original glow curve and glow curves of CaFgîMn exposed to UV before the normal 
read out. 
ESR measurements 11 have shown that these trapping centers are not 
located at or near the Mn 2 + ions. 
The height of the main peak at 285°C, close to the original glow 
peak at 260°C but still separate from it, indicates a great number of 
trapping centers at the corresponding trap depth. Probably it is one of 
the single peaks which constitute the composite 260°C peak (Gorbics et 
al., 1967). A long TJV exposure will empty also the traps corresponding 
to the 285°C peak (Figure 15), resulting in a decrease of the TL 
response. A transfer between the traps corresponding to the 285°C peak 
and those corresponding to the 260°C peak has not been observed. 
The results of Figure 16 offer the possibility of repeated readings 
in a very simple way. Another method for repeated readings has been 
described by Schulman and Vest (1963). Here the phosphor is heated only 
part way up the glow curve resulting in a small fraction of the total TL 
response. 
Furthermore, there is a possibility to distinguish between the 
11. The ESE measurements have been carried out by Dr. J. Arends (Laboratory for Solid Physios, 
Groningen). 
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gamma and heavy particle component of a TL reading because the trans-
ferred TL response, expressed in percentage of the original response, 
is higher in the case of a proton and alpha irradiation. Further 
investigations are required on this point. 
3.3 The sensitivity of CaF2 :Mn for protons and alpha particles 
3.3.1 The radiation parameters of the thermal and fast neutron fields 
3.3.1A Determination of the thermal neutron flux density by gold foil activation 
The irradiation experiments with CaF2 in a thermal neutron field 
require a knowledge of the thermal neutron flux density. This information 
can be obtained through the activation of gold foils (^ "'Au, 100$ 
•) n o 
abundance) at the irradiation position, resulting in radioactive y Au. 
The specific saturation activity Ag of these foils can easily be measured 
with a ß-7 coincidence system (Puite and de Swart, 1965). 
From the value of As the neutron flux density can be calculated 
knowing the thermal neutron cross section and the number of nuclei per 
mg. The decay scheme of ^Qka. is shown in Figure 18 (Aten Jr, 1966). The 
following data refer to this Figure, 
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The number of electrons emitted/disintegration (ß particles + conversion 
electrons) is 1.043> Of these 0.012 have a low energy with E^x = 
0.285 MeV. 
when the number of ß particles which are in coincidence with the 
O.412 MeV gamma rays are counted, the following equations can be used: 
Nß(t) = eß N0(t) 1.043 NY(t) = eY N0(t) 0.955 







Fig.18. Decay of 198Au 
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Nß(t), Ny(t) and Nc(t) are the number of counts/sec in the ß, Y and 
coincidence channel, respectively, t sec after the end of the irradiation 
(decay time t sec). Ng(t) has to be corrected for the gamma ray response 
of the ß detector. Accidental coincidence counts should be subtracted to 
obtain the correct value for Nc(t). e„ and £y a r e ^ n e "total efficiencies 
of the ß- and Y channel, respectively. NQ(t) gives the number of dis-
integrations/sec (dps) t sec after the end of the irradiation. This value 
can be calculated from the equations 8, 9 and 10. 
The specific saturation activity As is then obtained from NQ(t) 
using the equation 
N0(t) exp (Xt) 
exp (-Xt0) d p s / m e * 1 LU] 
with m = mass of gold foil in mg. 
X = decay constant of l°°Au, being 2.98 x 10~° sec . 
t = decay time in sec. 
t„ = irradiation time in sec. 
The thermal neutron flux density 0 is, 
A0 $ 
with a 
a N fth v RCd 
(l - •z—) n/s.cnr [12; 
= thermal neutron cross section for l°'Au (n,Y) Au, being 
98.8 barn at 2200 m/sec. a average = -j x 98.8 barn 
= number of 197AU nuclei/mg, being 3.058 x 1Q1®. 
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•^ th = correc"ti°n factor for thermal self-shielding. For a foil 
thickness of 90 mg/cm2 a value of 0.93 has been used. 
RQIJ = cadmium ratio, defined as the ratio of the saturation 
activities of a hare and a cadmium covered foil. 
The cadmium ( a = 2450 barn) cut-off of an 0.5 mm thick cadmium 
cover is at approximately 0.5 eV (Hughes, 1953)« Epithermal neutrons 
above this energy cause activation of the gold foils due to the 
resonance absorption at 4>9 eV. The value of R ^ in the irradiation 
room of the BARN reactor is ~ 500. 
Substitution of the above mentioned values results in 
0 = 4.02 x lO5 A s n/s.cm2 [13] 
with As in dps/mg. 
The reproducibility of the value for 0 amounts to + 0.4 %• The estimated 
systematic error is + 1.5 i°-
To get an impression of the absolute accuracy of the activation 
measurements, gold foils activated in the BARN reactor with the same 
neutron fluence were sent to various Institutes in the Netherlands for 
intercomparison. The results are collected in Table 3- The absolute 
measurements using ß-T coincidence methods were within + 1 $. The 
results of the measurements where the detectors relied on a calibration 
were within + 5 f°-
i. J. Iß Determination of the fast neutron spectrum with threshold detectors 
The experimental results on CaFo:Mn irradiated in fast neutron 
fields can be fruitfully used only, when the fast neutron flux density 
and the neutron spectrum is known. Threshold detectors, when suitably 
chosen, may give an indication of this spectrum. Because the cross 
sections of these foils for the particular spectrum are unknown fission 
cross sections may be used leading to an equivalent fission flux 
density. 
Four threshold detectors, recommended by IAEA (1967), have been 
chosen for the comparison of the BARN fast neutron spectrum measured 
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with these detectors and the spectrometry system (Chadwick and 
Oosterheert, 1969). Kerma 12 rate values derived from these spectral 
measurements have been compared with ionization chamber dose rate 
measurements. 
The shape of the spectrum, which is very important for radio-
biological experiments (Chadwick et al., 1969), can be altered by 
partially filling the D20 diffusor. As the bottom of this tank is 
hemispherical the influence of different D2O levels has been measured 
by using a flat bottomed polypropylene container in the irradiation 
room above the irradiation position. DoO levels of 3 and 10 cm were 
chosen because a fast neutron will make on average one collision in 
passing through 3 cm of I^O. The measuring procedure for the different 
threshold detectors is described briefly: 
a. 27Al(n,a)24Na 
The low flux of neutrons having an energy in excess of the threshold 
energy of 7«0 MeV prohibited the use of ß-Y coincidence counting methods. 
Consequently, only the ß emission was measured and the efficiency of the 
ß counter was determined using a ß-Y coincidence measurement of an Al 
foil activated in the reactor core. 
b. 58Ni(n>p)58Co 
The activity of the 58ç0 was determined using a ß-Y coincidence method 
(Dieck, 1966). 
c. 52s(n)p)32p 
The counting efficiency for the ß particles from 52p ^ as been determined 
with an accuracy of 4 i° using pellets made from sulphur and red phosphor. 
The red phosphor had previously been activated in a thermal neutron flux. 
d. 1 1 5m(n,n 1 ) 1 1 5min 
The isomeric transition (0.335 MeV, 95 $) was measured using a Hal 
crystal in conjunction with a single-channel spectrometer. The efficiency 
factor was determined using -*-98AU. ^n internal conversion factor of 
I.O45 has been used. 
The results of these measurements are presented in the Tables 4 and 
5 and Figure 19. The symbols used in Table 4 are defined as follows 
(zijp, 1965), 
12. The kerma is the energy per unit mass transferred by gamma rays or neutrons into the form 
of kinetic energy of secondary charged particles at the point of interest in the 
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E>1.5 
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6 9 0 
±25 - / . 
4 4 0 
2 8 0 
7 0 0 
±15"/o 
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6 6 0 
2 9 0 
Table 5. Spectral indices and dose rates for different D2O filters. 
specific saturation activity induced in the detector, 
= H« / 0i°(E) 0 E( E) d E [H] 
with N = number of target nuclei per unit of mass 
O ( E ) = differential cross section for the reaction 
under consideration 
0g(E) = fast neutron flux density per unit energy 
interval. 
^thr = "threshold energy and 
CTeff = effective cross section, defined in such a way that 
o-(E) = 0 for E < E t h r 
CT(B) = o e f f for E > E t h r 
and
 07a(E) 0E(E)dE = a e f f J 0E(E)dE 
Eeff 
<af> = average cross section for a fission spectrum 
<pf = equivalent fission flux density 
r 
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Tig. 19. Fast neutron spectrum of the BAHN reactor for different D20 f i l t e r s . 
(p
 ff(E ff.,oo) = effective flux density with 
r°° 
)J/a(E) 0E(E)dE /a <P eff eff 
sai 
[18] 
This is a measure of the flux density above the 
threshold energy. 
«p(E) = A ip in AE 
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The change in spectral shape caused "by the DpO filters is indicated 
in Figure 19. At energies above 1 MeV the results have been directly-
calculated from the flux densities given in Table 4 and an estimate of 
the flux densities below 1.5 MeV has been obtained using a kerma factor 
of 3 x 10"' erg/g per unit fluence by comparing the kerma rates calculated 
from the flux densities above 1.5 MeV and the dose rates measured by the 
ionization chambers. The justification for this procedure comes from 
Table 5 where it can be seen that there exists a good correlation between 
the spectrometer and threshold detectors above 1.5 MeV and between the 
spectrometer and ionization chambers over the total energy spectrum. 
As the scattering cross section of deuterium increases for lower 
energy neutrons it may be expected that these neutrons will be more 
efficiently thermalised resulting, as shown in Figure 19, in a spectrum 
which becomes sharper and where the peak moves up to higher energy. 
3.3.2 Thermoluminescent response of CaFi :Mn mixed with organic liquids in thermal and fast 
neutron fields 
published before in Health Physics, 1969, vol. 17, pp. 66I-667. 
Introduction 
The difference in the thermoluminescence of dry powder and powder 
mixed with a liquid irradiated in a neutron field is due to the contri-
bution of charged particles, which are created by the neutron interaction 
with the liquid and which deposit part of their energy in the powder. 
Previously attempts have been made by others to increase the 'LiF 
reading in a fast neutron field by mixing the ?LiF with alcohol or other 
hydrogenous liquids (Karzmark et al., 1964» Wingate et al., 1965) and to 
use these systems for fast neutron dosimetry (Unruh et al., 1967). 
Because the gamma ray response of the wet dosimeter was different from 
that of the dry dosimeter and because it was not possible to equalize 
this response by the use of a non-hydrogenous liquid a practical dosimetry 
system with LiF has not yet been developed (Unruh et al., 1967). 
The aim of the work described here was to investigate the thermo-
luminescent (TL) response of CaF2ïMn, irradiated in a neutron field of a 
reactor, when the powder was mixed with different liquids during 
irradiation. 
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CaF2 was mixed with different mixtures of acetone-acetonitrile and 
alcohol-boric acid to investigate the TL response caused by the 
1%(n,p)-L4c and the 10B(n,a)^Li reactions occurring during a thermal 
neutron irradiation. In a fast neutron irradiation the CaJV? was mixed 
with alcohol to determine the TL response due mainly to the proton recoil 
reaction. 
CaP2 powder was chosen because it may be expected to have a low 
neutron sensitivity and in fact it showed in these experiments no detect-
able neutron sensitivity. Handloser (1965) has reported a sensitivity for 
thermal neutrons of 1.4 x 10~10 R per n/cm2 and 1.1 x 10~ 1 0 R per n/cm2 
for 5.4 MeV neutrons. Tochilin et al. (1969) obtained a value of 0.58 
x 10~ 1 0 R per n/cm2 for thermal neutrons. However, the results presented 
here are unaffected by a possible neutron sensitivity of the CaF2• 
Materials and Methods 
The CaJ^sMn powder has been manufactured at the Philips laboratories, 
the Netherlands (Puite, 1968). The crystal diameter is 10-15 \w. Small 
teflon tubes, each containing 100 mg CalVj and 0.55 cm* of liquid were 
irradiated in the climate controlled room under the core of the BARN 
reactor (Bogaardt et al., 1964) or in the open 300 Ci *'Cs gamma field 
at ITAL. The tubes were filled 100-120 h before irradiation, because 
preliminary experiments demonstrated that the pre-irradiation filling 
time is important for the reproducibility of the results. During this 
pre-irradiation filling time and also during irradiation the tubes were 
rotated to maintain a good contact between the powder and the liquid. 
Immediately after irradiation the liquid was removed and the wet 
powder was allowed to dry at room temperature in the dark. All TL readings 
were made two days after the end of the irradiation to be sure that the 
powder was completely dry and to avoid a variation of the readings due to 
the fading of the TL signal. This fading is negligibly small two days 
after irradiation (Schulman, 1967). The planchet, containing 45 mg of the 
powder, was heated to 400°C in a modified Con-Rad Model 4100 TLD read-out 
instrument at a rate of 2.7°C/sec, and the integrated light signal was 
measured. 
The thermal neutron flux density has been determined by the 
activation of a gold foil placed inside one of the teflon tubes. The 
inherent gamma contamination of the thermal neutron flux has been 
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measured with a teflon-C02 ionization chamber. The fast neutron dose and 
the gamma contamination of the fast neutron flux have been determined 
using acetylene equivalent and magnesium-argon ionization chambers. In 
order to obtain the fast neutron dose in alcohol, the fast neutron dose 
measured with the acetylene equivalent chamber has been multiplied with 
the factor 1.59 (IAEA, 1967). 
Experimental Results 
CaF2:Mn and liquids in a thermal neutron field 
Teflon tubes with CaF2 powder mixed with mixtures of acetone 
(CjHgOj-acetonitrile (C2H5N) and of alcohol (C2H60)-boric acid (H3BO5) 
have been irradiated in a thermal neutron field. The amount of nitrogen 
and boron in the mixtures was varied between 0 and 34 % of nitrogen and 
0 and 400 ppm of boron by weight. The fluence varied between(1.6-7.6) x 
10 n/cm2 and the accompanying gamma contamination of the neutron 
irradiation amounted to 200-760 rad in tissue depending upon the 
irradiation position and the irradiation time (24-54 h ) • The absorbed 
doses in the liquids due to the reactions Tï(n,p) ^ C
 ancL B(n,ot)'Li 
have been calculated using 7«6 x 10 ^ rad per weight percentage of 
nitrogen per n/cm'1 and 157 x 10 rad per weight percentage of boron 
per n/cm2 (IAEA, 1967). The TL readings corrected for gamma and neutron 
dose have been plotted against the proton plus carbon recoil and alpha 
plus lithium recoil doses in the liquids (Figures 20 and 21). From these 
results one may derive a TL reading of 20.5 + 1.2 mV/krad proton plus 
carbon recoil dose and 14.8 + 0.7 mV/krad alpha plus lithium recoil dose 
in the liquids. These values may be compared with a reading of 450 mV/ 
krad for dry CaF2 irradiated in a ^'Cs gamma field based on the absorbed 
dose in muscle tissue. 
Dry CaF2 has been included in this series and rotated in the same 
way. The TL readings of this dry CaF2 and of CaF2 mixed with acetone and 
alcohol have been compared with the readings obtained from similar 
irradiations in a 157cs gamma field using the same doses and dose rates 
as the gamma contamination during the thermal neutron irradiations. In 
all three cases a lower reading was found when the irradiations took 
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Fig.20. The TL response of Calg'Mn mixed with mixtures of aoetone-aoetonitrile during a 
thermal neutron irradiation and due to the protons and carbon recoils from the 
14H (n, p)!4c reaction, occurring in the liquid, as a function of the dose 
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Fig.21. The TL response of Caî^ïMn mixed with mixtures of alcohol-horic acid during a 
thermal neutron irradiation and due to the alpha particles and lithium recoils 
from the -'-^B (n, oc)'Li reaction, occurring in the liquid, as a function of the 
dose delivered by these charged particles in the liquid. 
Material 
dry CaF, 
CaF, mixed w i th acetone 
CaF, mixed wi th alcohol 
Ratio in •/. 
6 6 * 4 
7 8 * 5 
6 9 * 4 
Table 6. The ratio of the TL response due to gamma rays and thermal neutrons of CaF2 











absorbed dose in alcohol (krad) 
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Fig.22. The TL response of Ca^'Kn mixed with alcohol during a fast neutron irradiation 
and mainly due (92.5 $>) to the proton recoil reaction, occurring in the alcohol, 
as a function of the fast neutron dose in the alcohol. 
Material 
dry CaFt rotated 
dry CaF^  not rotated 
Ratio in*fc 
6 5 * 2 
6 6 * 3 
Table 7• The ratio of the TL response due to gamma rays and fast neutrons of ' CaJV) 
irradiated in a fast neutron field compared with similar irradiations in a 
gamma field. 
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CalVjSMn and_alcohol in a fast neutron_field 
Teflon tubes with CaîV, mixed with alcohol have heen irradiated in a 
fast neutron flux at different reactor powers for 5.5h. Tubes filled 
with dry powder have been included in these series. Two different 
irradiation positions have been used where at maximum reactor power the 
fast neutron dose rates in acetylene were 2440 rad/h and 92 5 rad/h and 
the gamma contamination was 170 rad/h and 87 rad/h, respectively. 
In order to separate the TL reading due to the contribution of the 
recoils produced in the alcohol from the total TL reading the following 
procedure has been followed: similar irradiations with dry CaF2 and CaF2 
mixed with alcohol have been carried out in a 5'Cs gamma field using the 
same doses and dose rates as the gamma contamination during the fast 
neutron irradiation. In this way the ratio of the readings of the wet to 
the dry powder has been determined (0.93 + 0.03). The reading of the dry 
CaF2 irradiated in the reactor field has been multiplied with this factor 
and subtracted from the readings of the Ca?2 mixed with alcohol which has 
been irradiated in the reactor field. The difference in the readings has 
been attributed to the response of the recoils produced in the alcohol; 
proton recoils contribute 92.5 i° of the absorbed dose in the alcohol. The 
results have been plotted in Figure 22 and show a TL reading of 47-6 + 
0.9 mV/krad absorbed dose of the recoils in the alcohol. 
This procedure assumes that the reduction in sensitivity caused by 
the fast neutrons (see Table 7) is the same in dry CaF2 and in CaF2 mixed 
with alcohol. There is no evidence for or against this assumption. The 
value of 47-6 mV/krad may also be compared with the reading of 450 mV/krad 
for dry CaFg irradiated in a ^'Cs gamma field based on the absorbed dose 
in muscle tissue. 
The readings of dry CaF2 irradiated in the fast neutron field have 
been compared with those of dry CaF2 irradiated in the ^'Cs gamma field 
using the same doses and dose rates as the gamma contamination during the 
fast neutron irradiation. Lower readings were obtained when the 
irradiations took place in the fast neutron field. The data are collected 
in Table 7. 
Discussion and Conclusion 
Consistent results were only obtained in these experiments when a 
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consideratie pre-irradiation filling time was used. One explanation for 
this could be that in the final stage of preparation the CaF2 is milled 
and sieved and this introduces a large number of defects in the surface 
of the crystals, resulting in the formation of an amorphous layer. This 
layer is easily attacked by the surrounding liquid and etch pits will be 
created. Patel and Desai (1965,1968) reported that the rate of increase 
in the size of the etch pits does not remain constant but decreases as 
the powder is progressively etched, consequently, the influence of the 
liquid on the crystal surface decreases with etching time. If the TL 
response is dependent on crystal surface changes, a filling time before 
irradiation will thus reduce the influence of the liquid on the crystal 
surface during irradiation and also the dependence of the TL response on 
the irradiation time. The importance of the effect of crystal surface 
changes on the TL signal has been demonstrated by Carter et al. (1963) 
and Zanelli (1968). Carter et al. found a remarkable dependence of the 
TL response of KCl and NaCl with sample surface area and Zanelli has 
reported an effect of particle size on the thermoluminescence of LiF. 
The thermoluminescent response of CaF2 per krad for the alpha 
particles plus lithium recoils, the protons plus carbon recoils and the 
proton recoils, produced in the surrounding liquids during neutron 
irradiation, compared with the response of dry unrotated CaF2 per krad 
irradiated in a pure gamma field was found to be 5» 5 and 11 $, 
respectively. These results obviously can not be compared with the TL 
efficiency of 9 f" reported from 210Po alpha particle bombardment 
experiments (Woodley and Johnson, 1967), because the experimental 
procedures are not the same. 
The TL readings of dry CaF2 irradiated in a thermal or fast neutron 
field are 65 i<> of the readings obtained from a *-*'Ca gamma irradiation 
using the same doses and dose rates as the gamma contamination during 
the neutron irradiations. This effect cannot be explained by the energy 
dependence of CaF2» 
Oltman et al. (1967) have reported a lower gamma sensitivity for 
'LiF in a mixed neutron-gamma field and suggest that neutrons of less 
than 1 MeV could introduce lattice vibrations similar to the thermal 
effect during the heating up of the powder. 
A possibility exists that the TL response produced by the charged 
particles is also reduced by neutron interference. In this case the TL 
response for a fixed charged particle dose should decrease as the 
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neutron fluence is increased. It is possible to conclude that such a 
dependence does not exist in the present experiments with thermal neutron 
irradiations. It is remarkable that the thermal neutron as well as the 
fast neutron irradiation "both give the same percentage reduction in TL 
response. The ratio of the flux density (n/s.cm ) to the gamma 
contamination (rad/sec) has been calculated and amounts for the thermal 
neutron irradiation 8 x lo" n/cm .rad and for the fast neutron irradiation 
6 x ICK n/cm .rad. Measurements will be carried out to investigate if this 
ratio determines the extent of the percentage drop in TL response. 
It may be concluded from the results obtained till now that CaF2 
cannot be used to measure the gamma contamination of a neutron field. This 
fact restricts the use of CaF2 mixed with liquids as a dosimetry system in 
neutron irradiations. 
3.4 The sensitivity of CaF2 :Mn for thermal and fast neutrons 
accepted for publication by 'Health Physics' as 'Thermoluminescent 
sensitivity of CaI?2!Mn in a mixed neutron-gamma field'. 
Introduction 
Thermoluminescent (TL) powders are often used in mixed neutron-gamma 
fields in order to determine the neutron sensitivity of the phosphor or 
to evaluate the gamma component of the irradiation field (Handloser, 1965; 
Mason, 1970; Endres and Kocher, 1968; Eeddy et al., 1969). Experiments 
(Puite, 1969) with Caï^sMn have given TL yields in a mixed neutron-gamma 
field which were lower than expected. 
Results reported for 'LiF (Oltman et al., 1967) with neutron fluences 
up to 4 x 10 n/cur showed, that when 'LiF was pre-exposed to gamma rays 
followed by a fast neutron irradiation or exposed simultaneously to fast 
neutrons and gamma rays a TL yield was obtained, which was lower than the 
sum of the responses from the neutron and gamma components separately. 
Further experiments with 6-14 MeV neutrons (Kastner et al., 1969) for 
fluences of approximately 10 n/cm^ indicated that the decrease in TL 
signal was mainly due to permanent damage and not to lattice heating. In 
other LiF dosimetry powders and in Li2B/0'r:Mn a significant reduction of 
response was also observed when these powders were irradiated by gamma 
rays followed by a fast neutron fluence of 3-8 x 10° n/cm (Wallace and 
Ziemer, 1968). 
The aim of the work described here was to study the TL sensitivity 
of Ca]?2îMn in a mixed field of neutrons and gamma rays as a function of 
both components of the irradiation. A possible explanation for the 
observed drop in TL sensitivity is given for the case of a mixed fast 
neutron - gamma field, which leads to a mathematical expression for the 
TL sensitivity in mixed fast neutron - gamma fields. 
Methods 
CaF2 powder doped with 4^1 mole $ of manganese (Philips, the Nether-
lands) has been irradiated at different heights in the climate controlled 
room under the core of the BARN reactor at Wageningen (Chadwick and 
Oosterheert, 1969). In this reactor a D2O diffusor is situated between 
the core and the irradiation room. Thermal neutron irradiations are made 
with the D2O diffusor full and fast neutron irradiations are made with 
the diffusor empty. To remove any thermal neutron contamination of the 
fast neutron beam a boron shield is inserted between the two bismuth 
gamma shields, which are situated under the diffusor. Thermal neutron as 
well as fast neutron irradiations have been carried out with irradiation 
times from 3-65 h. 
The thermal neutron fluence, measured by gold foil activation, 
varied from 2.5 x l O ^ to 1.0 x 10 * n/cm with an accompanying gamma 
contamination of 34 to 530 rad in tissue, determined with a magnesium-C02 
ionization chamber. 
The fast neutron dose and the inherent gamma contamination have been 
determined using acetylene equivalent and magnesium-argon ionization 
chambers. The neutron dose (for CH) varied between 1.5 and 208 krad, 
being equivalent -using the BARN spectrum data- to 7 1 10 1 1 and 9 x 101* 
n/cm^ and the gamma dose varied between 0.2 and 12 krad in tissue. The 
fast neutron doses quoted in this paper are related to acetylene and the 
gamma doses refer to soft tissue material. 
The CaP2 powder was not annealed prior to use because no back-ground 
signal was observed from an unirradiated sample. During and after the 
irradiations the powder was kept in the dark. All TL readings were 
carried out two days after irradiation to avoid a variation in the 
readings due to fading of the signal. The powder was heated to 370°C at a 
rate of 2.7°C/sec in a modified Con-Rad Model 4100 TLD reader and the 
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integral signal was measured. 
Experimental Results 
Thermal neutrons 
The results of the thermal neutron experiments are shown in 
Figure 23- Only (n,y) reactions are involved and consequently the 
thermal neutron fluence C1012 n/cm2) 




TL = a Dy + b 0t [19] 
has been assumed 
with Dy = gamma dose in rad (rady) 
0t = thermal neutron fluence in n/cnr 
and a =0.55+0.01 mV/rad (from gamma calibration curve). 
A linear regression calculation ,3 yielded b = 0.055 + 0.004 mV per 
10 1 0 n/cm2, resulting in a thermal neutron sensitivity of 0.07 + 0.01 
rady per 10-*-" n/cm2. The errors shown in Figure 25 are large because the 
thermal neutron signal arises from the subtraction of two large values. 
Powder irradiated in thermal neutron fluences up to 4 x l O " n/cm 
and following read out irradiated with -"-5'Cs gamma rays did not show a 
change in the gamma ray TL sensitivity. No special annealing procedure 
was used between the thermal neutron irradiation and the exposure to 
"'Cs gamma rays apart from the normal read out up to 570°C. 
Past neutrons 
The results of the fast neutron experiments show that as the fast 
neutron dose increases the TL response associated with the fast neutrons 
decreases (Figure 24). They fit the expression 
TL = a Dy + b Dn [20] 
with Dn = fast neutron dose in rad in CH (radn). 
A linear regression calculation with a = 0.55 + 0.01 mV per rady 
yielded: 
b = - (0.0102 + O.OOO4) mV per radn in CH 
resulting in b/a of -O.OI9 rady/radn in CH, equivalent to -0.45 rady per 
10 1 0 n/cm2. 
13. Part of the computations have been carried out at the Statistical Department ABW-TN0, 
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Fig.24. TL signal of CaFoïMn from fast neutrons (average neutron energy 1.7 MeV) as a 
function of the fast neutron dose. 
Dose rate experiments (2 5 h at 10 kW, 10 h at 2 5 kW, 5 h at 50 kW 
and 2.5 h at 100 kW) confirmed that the results were independent of the 
neutron dose rate. 
When CaF2 powder was irradiated with fast neutrons up to Dn = 
180 krad, read out and irradiated afterwards with 5'Cs gamma rays no 
change in the gamma ray TL sensitivity was observed. 
In Table 8 the relative TL readings are shown of Ca?2 irradiated 
with -*-*'Cs gamma rays followed or preceded by a fast neutron irradiation. 
The procedure was as follows. The Cal^ powder was divided into four parts 
(A, B, C and D). Parts A and B were subjected to a gamma dose Dy. After 
irradiation, part B was read out and then all four parts were exposed to 
a neutron dose Dn. After reading out part D, parts C and D were 
irradiated with a gamma dose Dy, which was the same as initially given to 
parts A and B. 
The above procedure has been carried out in four series I to IV with 
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Table 8. Relative TL reading of CaJ^iMn irradiated with 
fast neutron exposure. 
rays followed or preceded by a 
respectively. The readings were normalized for the case of I) in Table 8. 




The TL response of Ca?2 irradiated in a mixed thermal neutron-gamma 
field can be considered to be the sum of the TL responses of the two 
components of the irradiation field over the dose and dose rate range 
mentioned. 
In earlier experiments (Puite, 1969) with Caï^ j» rotated during 
irradiation, a lower TL response was found when the powder was irradiated 
in a thermal neutron field compared with a pure gamma irradiation using 
the same dose as the dose of the gamma contamination of the neutron field. 
More recent experiments have indicated the possibility that the measure-
ments made with the ionization chamber close to the rotating teflon 
cylinder overestimated the gamma dose which the powder in the teflon 
containers inside the cylinder actually received. This may explain the 
difference between the gamma ray response in a mixed thermal neutron -
gamma field presented here and that presented in a previous publication 
(Puite, I969). 
The thermal neutron sensitivity of CaF2$Mn barely exceeds the 
experimental error and is small compared to sensitivities reported for 
other powders, including 'LiF (Heddy et al., 1969). 
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Fast neutrons 
Fast neutrons will mainly produce heavy ion recoils (Ca and F ions) 
through elastic collisions in the CaF2. These recoils loose their energy 
in excitation and ionization of the lattice ions, in displacement 
production and lattice vibrations. 
A threshold energy E^ can be defined (Billington and Crawford, 196l) 
in such a way that when the Ca and F recoils have a primary energy 
Ep > Ej_ they loose most of their energy by ionization and excitation. 
When Ep < Ej_ nearly all the energy is lost by elastic collisions, 
resulting in displacements and lattice vibrations. For the Ca and F ions 
E^ is ~ 90 and 40 keV, respectively. The neutron energy corresponding to 
this threshold energy Ej_ can be calculated to be 3 and 0.7 MeV for Ca 
and F ions, respectively. 
It can be estimated (Billington and Crawford, 196l) that in Cal^ 
300 to 4OO ions will take part in one displacement cascade. Due to 
recombination only a small fraction of these defects will be permanent 
and will compete with the dosimetry traps for the electrons. These 
defect traps will not necessarily have the same properties as the traps 
emptied during normal TL read out. 
Model of thermoluminescent sensitivity for fast neutrons 
In order to explain the results obtained the following model is 
proposed: 
Let Tj) = number of electrons captured by dosimetry traps in CaF2îMn at 
a dose D, where D = ADy + BDn. 
NQ = maximum number of dosimetry traps. 
a = probability of filling a dosimetry trap per unit dose. 
Tp = number of neutron induced permanent electron traps P created 
during the displacements. Tp = g ln, with g = constant. 
As a result of the evidence presented in Table 8 it may be assumed 
that all the P traps are filled i.e. no influence of the neutron formed 
P traps is observed when neutron irradiated CaF2 is exposed to gamma 
rays. This implies that the P traps have a very large trapping cross 
section for electrons compared with the dosimetry traps. The properties 
of the P traps are also assumed to be such that they will not be emptied 
during the TL read out procedure. 
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Because the number of electrons trapped in P traps will reduce the 
number available for the dosimetry traps, it follows that 
dTd = a (AdDY + BdDn - gdDn) (N0 - TD) [21] 
Integration of equation 21 leads to 
TD = N0 (1 - exp (- a [ADY + BDn - gDn])) [22] 
Por a [ADy + BDn - gDn] << 1 equation 22 can be written as 
TD = aH0 (ADY + BDn - gDn) [23] 
The TL signal, being proportional to Tj, can be written as 
TL = aDY + b'Dn - cDn = aDY + bDn [24] 
with a/b'/c = A/B/g a n d with b = b' - c 
According to the literature b/a would be defined as the fast neutron 
sensitivity although following the arguments presented here b contains a 
positive sensitivity b* and a negative effect c due to the formation of P 
traps. The value of b has been found to be negative and this means that 
for the fast neutron spectrum used in this work the formation of P traps 
plays an important role. 
The filled permanent traps P do not influence the TL sensitivity of 
CaP2 for subsequent gamma irradiations as can be seen from Table 8. 
Similar results for CaF2 as mentioned in this table have been obtained by 
Bewley (1969). 'LiP, however, exhibits a lower TL sensitivity for gamma 
rays after a fast neutron exposure (Kastner et al., 1969). This is 
probably due to interference between the TL process and the neutron 
induced permanent damage traps, already present. 
It is also reasonable to assume that the filled dosimetry traps in 
the Ca?2 present in a disordered region will release their electrons due 
to lattice vibrations. This effect will not be important for fast neutron 
fluences up to 10^4 n/cm , but may have a marked influence on the TL 
signal if fluences of 10 ' n/ciar or higher are used. 
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Comparison of neutron sensitivities 
Some recently reported neutron sensitivities for CaF2 are collected 
in Table 9. 
The thermal neutron sensitivity of CaF2:Mn is in part determined "by 
the manganese which has a relatively important macroscopic cross section. 
Thus, in order to compare the thermal neutron sensitivities of the 
different CaF2:Mn samples given in Table 9 the manganese concentration 
must he known. 










in rad per 10 n/cm 
0.58 
approx. 0.2 







Tochilin et al.,1969 
Ayyangar et al.,1968 





Goldstein et al.,1970 
origin or manufactory 
EG andG,hot pressed 
Con.Rad, disks 
Harshaw. powder 
Philips, powder(4.1 mole°A>Mn) 
Philips, powder 
EG andG, powder 
EG and G, powder 
EG and G, hot pressed 












A Goldstein e t al (1970) 
x Handloser (1965) 








6 8 10 12 
fast neutron energy (MeV) 
14 16 
Fig.25. Reported values of fast neutron sensitivities of CaFgïMn for different neutron 
energies. 
54 
The fast neutron sensitivity of Ca^tKa. for different energies is 
plotted in Figure 25. The increase in sensitivity at higher neutron 
energies can be ascribed to the increase in ionization relative to the 
loss of electrons in P traps, produced during displacements. 
Conclusion 
CaF2 thermoluminescent powder can be used for measuring the gamma 
component of a mixed thermal neutron - gamma field. The thermal neutron 
sensitivity is small compared ta sensitivities reported for other 
phosphors. Wo permanent change an TL sensitivity for gamma rays has been 
found after irradiation in a thermal neutron field for fluences up to 
12 r,/r,m2 4 x lO1^ n/cm' 
The fast neutron experimen 
rays followed by a fast neutron 
;s showed that a pre-exposure to gamma 
irradiation does not result in a loss of 
TL response. Also no change in gamma ray TL sensitivity was observed when 
the powder was first exposed to fast neutrons up to fluences of 8 x lO1* 
n/cm^, read out and then expose! to gamma rays. The fast neutron 
sensitivity is made up of a positive ionization component which is 
strongly dependent on neutron energy and a negative component arising 
.ch is less energy dependent. Thus, the 
sensitivity may be negative for(low neutron energies as has been found 
here. 
3.5 The trapping centers in CaF2 :Mn ' 
3.5.1 The correlation between TSEË and TL in CaF2:Mn determined by the simultaneous 
measurement of both phenomena 
P r e s e n t e d a t t h e T h i r d I n t e r n a t i o n a l Symposium on E x o - e l e c t r o n s , 
Braunschweig , 6-8 J u l y , 1970. 
Introduction 
The simple thermoluminescent (TL) glow curve of CalVjîMn» a generally 
used thermoluminescent powder, does in fact consist of several unresolved 
glow peaks due to different types of trapping centers (Figure 26). This 
composite character of the glow curve has been shown previously by 
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temperature CC) 
Fig.26. TL glow curve of CaP2'• 3 mole % Mn (Philips) using a heating rate of 24°C/min. 
Schulman et al.(l969) with a post-exposure annealing of his CaF2îMn 
(Naval Research Laboratory, USA), while DT exposure of already read out 
Cal^'Mn from Philips (the Netherlands) (Puite, 1968) has also given 
evidence for the complex character of the glow curve. 
In an attempt to obtain information about the origin of the un-
resolved peaks simultaneous measurements of TL and TSEE on Ca]?2s 3 mole 
fo Mn (Philips) have been carried out. Special precautions have been 
taken to prevent the light produced by the gas discharge during the TSEE 
measurements from interfering with the TL signal. Also attention has 
been paid to a correct temperature assessment. 
The TL and TSEE data obtained have been compared with TL data from 
undoped CaF2 and CaF2! 0.1 mole % Mn. Also optical density (OD) measure-
ments on single crystals of these samples and on single crystals of 
CaP2' 2 mole fo Mn have been carried out. These combined measurements 
have resulted in some insight in the type of trapping centers, which are 
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Fig.28. TL and TSEE peak temperatures for CaP2'• 3 mole f> Mn (Philips) using different read 
out procedures. 
Methods 
The apparatus for measuring the TL and TSEE signals simultaneously 
is shown in Figure 27. The gamma irradiated powder was heated in three 
small holes which have a diameter of 0.9 mm each. A constant heating 
rate of 24°C/min was used with a thermocouple situated at a distance of 
3 mm from the holes. The temperature at the position of the powder and 
the influence of the gas flow on the temperature at this position was 
determined with a second thermocouple in one of the holes. The 
temperature difference between the positions of the thermocouples was 
considerable e.g. at 250°C a difference of 15°C was measured both with 
and without a gas flow. A mixture of helium gas (98.7 i°) and isobutane 
(1.3 io) was flowed through the counter, which was used in the GM region. 
A useful plateau could be obtained up to an oven temperature of 500°C. 
The TL signal was detected with a photomultiplier on top of the 
counter. Because the TL from CaF2:Mn is emitted at 500 nm, an optical 
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CaF,: Mn (NRL) 
200 300 400 
temDerature (°C) 
Fig.29. Effects influencing the positions of the TL and TSEE peaks of CaF2:Mn. 
filter was used which only transmitted the spectral region of 485 -
515 nm. The TL signal proved to be distorted by the light arising from 
the gas discharges in the counter. To avoid this a chopper system has 
been used in order to decrease the high tension on the wire periodically 
by 200 T to stop the discharges. During this period, being 450 msec, 
only the TL signal was recorded. When the GM counter had reached its 
working potential of 1220 V again only the TSEE signal was recorded, 
also over a period of 450 msec (see also Figure 2j). 
Results and Conclusion 
The peak temperatures of TL and TSEE for different read out 
procedures are shown in Figure 28, e.g. the results of a post-irradiation 
annealing of CaF2$Mn (Philips), where the powder was linearly heated up 
to different temperatures. Due to the composite character of the TL glow 
curve a shift of the TL peak to a higher temperature is found when the 
































220 240 260 
read out procedure (p»24*C/min) 
280 *C 
Fig.30. 'Corrected' TL and TSEE peak temperatures for Cal^! 3 mole % Mn (Philips) usinfc 
different read out procedures. 
the TSEE maximum is less influenced by this annealing. The difference 
between the TL and TSEE maxima seems to he at minimum -v 10°C. 
In the same Figure the difference between the TL and TSEE maxima, 
being also ~ 10°C, is given when the gamma irradiated powder was first 
completely read out and afterwards exposed to UV light from a Philips 
HPLH mercury lamp. This UV transferred TL belongs to an electron trapping 
center. 
The theory on the shift of the TL maximum relative to the TSEE 
maximum is complicated (Nosenko and Yaskolko, 1963). Although no direct 
relationship has been derived the following two effects play an important 
role: 
a. a decrease of the luminescence intensity at higher temperatures, due 
to the increase in the number of non-radiative transitions compared to 
the number of radiative transitions. For Cal^sMn this so-called thermal 
quenching effect has been measured by Gorbics et al. (1969a). 
b. the influence of the effective work function <p on the position of the 
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normal read out 
obtained after UV 
exposure of 
read out powder 
150 200 250 300 
temperature C O 
350 
Fig.Jl. Shift of the positions of the TL and TSEE peaks after UV exposure of read out 
CaP2i J mole % Mn (Philips). 
TSEE maximum. A value tp of 0.5 eV was chosen for CaF2 because Bohun and 
Dolejsi (1959) have reported that the best fit between the theoretical 
and experimental TSEE curves of Ca?2 could be obtained when the value of 
O.5 eV was used. 
The thermal quenching effect and the influence of the work function 
are shown in Figure 29- The TL glow curves have been 'corrected' for 
this temperature quenching while the TSEE curves have also been 
'corrected' by dividing this signal by the factor exp (- ip/kT). The 
resulting maxima are collected in Figure 50 and show that the temperature 
difference between the positions of the TL and TSEE maxima disappears 
when an increasing post-irradiation annealing temperature is used or when 
the powder is exposed to UV after being read out. It should be noted that 
the estimated accuracy of this temperature difference is + 7°C. 
Therefore, these experiments indicate that only a part of the different 
types of trapping centers which contribute to the normal TL glow curve 
also contribute to the TSEE curve, while the remaining part of these 
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origin of Ca F! gamma dose in Mrad 
. Y . 
580" 
optical absorption (nm) 





Vinor (Y free) 
Semi-Elements 
(0.1 •/• Mn) 
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Table 10. Color centers In Cal^iMn. 
— M R C (powder) 
• — Semi-Elements 0.1 % Mn (crystal ) 
MRC 2 % M n (powder) 
— Philips 3°/oMn (powder) 
temperature ( °C) 
Fig.32. TL glow curves of CaF2 samples. 
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centers are probably hole centers. 
Figure 31 illustrates the difference between the peak temperatures 
of the TL and TSEE curves for a normal read out and for a read out after 
DT exposure. 
The results of optical density (OD) measurements on gamma irradiated 
single crystals of CaF2', some of which are doped with manganese, are 
shown in Table 10. These experiments were carried out at room temperature 
with a Unicam SP 700 recording spectrophotometer. Very pure CaF2 can 
hardly be colored by irradiation at room temperature. O'Connor and Chen 
(1963) have demonstrated that an absorption at very high doses can often 
be ascribed to the contaminant yttrium Y*"1", which has the same ionic 
radius as Ca++. From our samples the CaF2 of Materials Research 
Corporation (MRC) and the CaFgS 0.1 mole fo Mn both show the presence of 
yttrium, while in the crystals doped with ~ 2 mole fo of Mn the yttrium 
absorption is obviously influenced by the presence of Mn. 
The Vinor crystal, which is yttrium free, shows F-center absorption 
due to the presence of vacancies introduced by oxygen. 
Figure 32 shows the TL of these samples together with the normal 
glow curve of the CaF2 from Philips. The undoped CaF2 from MRC, which 
exhibits Y + + absorption bands, has only one high temperature TL peak at 
CaF2 powders 
Vinor 
M R C 
Semi-Element s 
0.1 •/. Mn 
M R C 
-2"/oMn 
Philips # 5 































Table 11. TL maxima of CaP2 and CaF2'M'1 i n C. For the Philips powder the position of 
TSEE is shaded. 
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292°C. The CaF2 doped with 0.1 mole $ Mn from Semi-Elements, which 
exhibits yttrium absorption at 580 nm, has TL peaks at 262°C and 300°C. 
In the CaFp doped with 2 mole $ Mn from MRC, which also contains 
yttrium, only one broad peak is found with a maximum at 265°C; in the 
normal TL powder from Philips with 3 mole 'fo Mn the maximum occurs at 
260°C. The average positions of the TL maxima of these materials are 
shown in Table 11. 
If the knowledge of the various CaF2 samples studied is combined, 
taking into account: the chemical analysis (Table 2 of section 2.1.2), 
the OD measurements, and the TL measurements, the following conclusions 
may be drawn, 
a. the TL occurring at 290 to 300°C can be ascribed to an Y + + centre and 
the TL occurring at 260°C is probably associated with an Y + + + Mn + + 
complex.1 
b. the TSEE, which peaks at 292°C, the UV transferred TL, which peaks at 
281°C and the high temperature components of the composite TL peak in 
the Philips powder are associated with the Y + + and probably Y + + + Mn + + 
centers. 
c. other divalent rare earth ions such as Ho++, Sm++ and Tm++ might be 
present instead of Y + + ions. 
3.5.2 TSEE experiments with CaF2 powder and single crystals of CaF2, undoped and doped 
with manganese 
Introduction 
In the preceeding section 3-5.1 it was shown that yttrium centers 
are present and yttrium + manganese centers may be present in irradiated 
CaP2:Mn (Philips) powder. Prom post-irradiation annealing experiments 
with this powder it was concluded that only a part of the different types 
of trapping centers which contribute to the normal TL glow curve also 
contribute to the TSEE curve, whilst the remaining centers are probably 
hole centers. 
It is not clear where these holes are trapped, although Schulman 
(1967) has mentioned the Mn + + sites as possible hole traps. 
A comparison of TSEE and TL data of CaP2 samples, undoped and doped 
with manganese, could contribute to a distinction between the type of 
centers in CaPp'Mn. 
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Methods and Results 
The TSEE experiments have been carried out with the apparatus 
described in detail in section 2.2.2. A strictly linear heating rate of 
24°C/min was used. The shape of the TSEE curve and the position of the 
peak maximum Tm of the various samples as compared to the corresponding 
TL data were of main interest. 
Apart from these measurements a dose response curve for one of the 
samples (CaF2*Mn from Philips) has been recorded. The TSEE signal obeyed 
the emperical equation, 
MRC 
— — Semi-Elements 0.1% Mn 
_ MRC 2"VoMn 
- Philips 3*h Mn 
« >u 
3 U 
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Fig.33. TSEE curves of CaP2 samples. 
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TSEE signal = a Dp [2 5] 
where a is a constant and p = O.76 for a gamma dose D "between 0.5 -
30 krad. 
This non-linearity with dose has "been found by many authors (Becker, 
1970; Kramer, 1968). It is due to a charging of the sample surface and 
can "be avoided "by mixing the powder with graphite (Kramer, 1966). 
Some typical TSEE curves are shown in Figure 33» The peak maxima of 
the CaF2 samples (crystals and powders) are listed in Table 12, in which 
the position of the TL maxima is also given. The TL glow curves have 
been recorded using a photomultiplier on top of the TSEE counter as 
described in section 3-5.1. 
Discussion and Conclusion 
Comparing the two MEC samples and the sample of Semi-Elements it is 
clear that the 310°C TSEE peak is due to the Y + + center. The TL maximum 
for this center was found at ~ 300°C. Using equations 4 and 3 of section 
1.2 a trap depth of 1.0 + 0.2 eV (estimated error) along with a frequency 
factor of 9 x 10 /sec is obtained for the Y + + center in the undoped MEC 
sample. Substituting these E and s values in equation 7 of section 1.4 an 
E + ip value of 0.9 + 0.2 eV (estimated error) is calculated. Within the 
limits of accuracy of the estimation of E and s, this would imply that 
q> << E. Therefore, the value of <p is probably ~ 0 - 0.1 eV. 
When a value of cp = 0 eV had been used in section 3-5-1 instead of 
0.5 eV the temperature difference between the TL and TSEE maxima recorded 
would have been negligible after both TJV exposure of read out CaP2 
(Philips) and post-irradiation annealing to 270°C. This indicates that 
the value of cp = 0.5 eV is overestimated. 
The Mn + + ions are situated at Ca++ ion lattice positions (see 
section 1.5) and have an energy level of some eV above the valence band. 
The exact position of this level is not known. It is well known that the 
Mn + + ions can easily be converted into Mn^+ ions by trapping one hole. 
The TL peak at 2 59°C occurring in Ca?2 '• 0.1 mole /o Mn is probably due to 
these hole traps because no TSEE peak was observed in the neighbourhood 
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(5 Mrad), however, a TSEE peak has heen ohserved at 263°C indicating that 
electrons may also he released in this temperature region. This effect 
occurs only incidently and was found only twice in eight measurements. 
After irradiation of CaF2S 3 mole $ Mn (Philips) powder both Y + + and 
Mn^+ centers are expected to occur. Other rare earth centers such as 
Ho++, Sm and Tm++, all trapped electron centers, could also he present. 
As the manganese concentration is six orders of magnitude greater than 
the concentration of yttrium impurities (0.03 ppm) the manganese centers 
will he dominant. Both the TL and TSEE maxima are shifted to lower 
temperatures, compared to the MRC samples doped with 2 mole $ Mn, which 
have a high contamination of 7-6 ppm of yttrium (see Table 2 of section 
2.1.2). 
Furthermore Table 12 indicates the presence of F-centers already 
demonstrated in Vinor crystals with optical absorption measurements 
(section 3»5.1). Therefore, F-center type traps may be present in the 
temperature region of 150 - 170°C. 
3.6 Thermoluminescence of collagen 
Introduction 
The radiation induced phenomena in collagen, a protein present in 
skin, tendons, bones and teeth, are only partly understood. The following 
types of damage have been reported after irradiation of dry collagen 
(Bailey, 1967? Bailey, 1968b), 
a. peptide chain scission. This will lead to an increased solubility and 
to reduction in the shrinkage temperature. A decrease in this temperature 
is considered, however, to be mainly due to a disorganization of the 
secondary structure and depend primarily on b. 
b. breakage of the intramolecular hydrogen bonds that hold the three 
peptide chains together. 
c. interchain cross-links. This effect is dependent on the presence of 
water and is probably due to the abstraction of an H atom from the 
molecule by the OH radical from the water and interaction of the two 
molecular radicals. 
Electron spin resonance (ESR) studies on irradiated collagen have 
shown that at room temperature the radicals are localized at certain 
specific sites (Zimmer and Muller, 1965). The ESR signal revealed a 
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composite pattern of the glycine and alanine radical and no components 
characteristic of proline and hypoproline. However, the abundance of 
these four amino acids in collagen is about 35» 11» 12 and 9 residues/ 
100 residues, respectively (Veis, 1964). A physical process of exciton 
migration or an excitation of collective electronic levels has been 
suggested to explain ESR data (ten Bosch, 1967). 
Apart from ESR measurements thermoluminescence studies may give 
valuable information on the radiation effects in collagen (see section 
1.6 of this thesis). 
Materials and Methods 
Dry collagen (ex bovine tendon) was purchased from Koch-Light Ltd., 
Colnbrook, England, and irradiated at liquid nitrogen temperature in a 
brass sample holder. This sample holder was closed by a diaphragm during 
irradiation and transport to avoid light effects on the sample and a 
warming up of the sample surface. A Philips deep therapy X-ray unit 
(250 kVp, HVL 1.5 mm Cu) was used and a dose rate of 0.5 krad/min was 
obtained. The TL signal was recorded over the temperature range of 
77 - 273°K, by heating the sample at a linear rate of 13°K/min. The time 
between the end of the irradiation and the beginning of the measurement 
was normally 10-15 minutes. 
Results and Discussion 
The glow curve of collagen (Figure 34) shows three distinct maxima 
at 138, 210 and 256°K. Water, which has a glow peak at 165°K, does not 
contribute. Initial rise calculations (equation 4 of chapter 1.2) for 
the dominant peak at 210°K resulted in a trap depth E of 0.35 eV. 
Comparing these data with the TL data reported by Augenstine et al. 
(i960) (see also Table 1 of chapter 1.6) for all the constituent amino 
acids of collagen it follows that none of the traps present in these 
amino acids is found at ~ 210°K with a trap depth of 0.3-0.4 eV. An 
explanation may be that the charge distribution of the amino acids, which 
could lead to the observed trap properties, is modified in the collagen 
resulting in different trapping sites. This suggestion has also been 
forwarded by Augenstine et al. (196I) in relation to other proteins. 
Another explanation may be that traps are located near peptide links or 
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COLLAGEN ex bovine achilles tendon 
heating rate 13"K/min 
dose 1.5 krad 
X rays 250kVp HVL 1.5mm Cu 
90 110 150 190 230 270 
temperature (°K) 
Fig.54- Thermoluminescent glow curve of collagen (from Koch-Light, Ltd.) in the temperature 
range of 77 - 273°K. 
that the helix structure is of importance for electron trapping. 
In general, extremely high doses (10* - 10' rad) are required to 
produce detectable effects on dried samples of collagen (Bailey et al., 
1962; Cooper and Russell, 1969). With thermoluminescence, however, doses 
of 2 5 rad already result in a distinct TL response. 
Further measurements will be directed to an investigation of the 




Thermoluminescent phenomena in C a ^ powder doped with 3-4 mole fo 
manganese and having dimensions of 10-15 \iM have been studied. The 
material was prepared for dosimetric purposes at the Philips laboratories, 
Eindhoven, the Netherlands. 
The gamma irradiated powder showed a single glow peak at 260°C when 
the powder was heated at a constant heating rate of 24°C/min. This glow 
curve in fact consisted of several unresolved peaks due to different types 
of trapping centers. Normally, all these traps are emptied during one 
heating cycle. However, UV exposure of already read out Caiv? gave rise to 
a second reading indicating a filling of the dosimetry traps from deeper 
levels. Thermally stimulated exo-electron emission and thermoluminescence 
measurements using CaP2 samples doped with 0.1 mole fo and 2 mole fo 
manganese and undoped samples have led to the conclusion that both 
electron- and hole traps are present in the CaP2:Mn (Philips); Y*+ and 
other trivalent rare earth ions, being the electron traps and Mn + + 
centers, being the hole traps. 
The thermoluminescent sensitivity of CaP2 for alpha particles and 
protons compared to gamma rays was investigated. CaF2 powder, surrounded 
by boron and nitrogen containing liquids, has been irradiated in a thermal 
neutron field. The •L0B(n,a)'^Li and 1%(n,p)14c reactions occurring in the 
liquids gave rise to an extra response in the Caiv, due to the alpha 
particles and protons. Powder surrounded by alcohol and irradiated in a 
fast neutron field gave an extra response due to the proton recoils 
produced in the alcohol. The response from these charged particles 
relative to that of gamma rays was found to be 3» 5 and 11 fo, 
respectively, based on absorbed dose in the liquid. Also the thermo-
luminescent sensitivity for the thermal and fast neutrons themselves has 
-been investigated. For thermal neutrons a value of 0.07 rad per 10 n/cm 
was found, whilst the fast neutron 'sensitivity' proved to be -0.43 rad 
per 10 1 0 n/cm2 for a neutron spectrum, having an average energy of 
1.7 MeV. In order to explain this negative value a model has been 
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developed assuming that the 'sensitivity' is made up of a positive 
ionization component which is strongly dependent on energy and a 
negative component arising from the formation of deep traps, which is 
less energy dependent. 
Biological molecules often show thermoluminescent phenomena when 
they are irradiated at liquid nitrogen temperature. Preliminary 
experiments have been carried out with the protein collagen. Even at 
doses of 25 rad a distinct TL glow curve has been obtained. 
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